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How the binding of Hedgehog to its receptor,
Patched, initiates signaling is poorly understood. A
recent study suggests a mechanism by which the
ratio of unliganded to liganded Patched determines
the cellular response.
During embryonic development, signaling molecules
act instructively to pattern fields of cells and govern
cell fate decisions. In many cases, these molecules
form a concentration gradient as they spread from a
localized source into the surrounding tissue. There,
different concentrations of the signal specify distinct
cell fates. Signals with these properties are termed
‘morphogens’. How cells perceive and transduce mor-
phogen gradients is a central question in develop-
mental biology. Many studies focus on the Hedgehog
(Hh) family of secreted proteins, which act as mor-
phogens in a range of tissues and systems, from limb
patterning in insects to the specification of neuronal
identity in the vertebrate central nervous system [1,2].
A recent study by Casali and Struhl [3] has shed light
on how the Hh signal is sensed by the responding
cells, which has implications for understanding how
morphogens operate in general.
In the case of Hh, two transmembrane proteins
transmit the signal across the plasma membrane
using an unusual derepression mechanism (reviewed
in [1]). Activation of the Hh pathway is dependent on
the seven-pass transmembrane protein Smoothened
(Smo); however, in the absence of Hh, Smo activity is
restrained by another polytopic transmembrane
protein, Patched (Ptc) (Figure 1A). Signaling is initiated
by Hh binding to Ptc, which releases Smo from
repression and thus activates intracellular signal trans-
duction. Loss of Ptc function is sufficient to initiate
signaling indicating that Smo is capable of constitu-
tively activating the pathway independent of Hh. Thus,
in its unliganded form, Ptc is actively keeping the Hh
signaling pathway quiescent and the binding of Hh
reverses this inhibition. Much attention has, therefore,
focused on ascertaining the mechanisms by which Ptc
suppresses Smo activity and how Hh protein modu-
lates this suppression.
Key observations indicate that in the absence of Hh
protein, Ptc acts in a non-stoichiometric manner to
inhibit Smo. Smo activity remains Hh dependent even
when Smo levels are raised well beyond those
encountered in normal cells [4–6]. Taipale et al. [7]
examined in detail the relative amounts of mouse
Ptc1 required to inhibit mouse Smo and concluded
that half-maximal pathway activation could be
achieved only when Smo was present in a 50-fold
excess over Ptc [7]. These data suggest a catalytic
mode of action for Ptc. The possible biochemical
nature of this activity was suggested by analyses of
Ptc indicating that it belongs to the RND family of
transmembrane transporters [7]. These proteins share
conserved residues within a membrane spanning
domain, and studies in mice indicated that this motif
is essential for the regulation of Smo [7]. Together
these data suggested that Ptc might control Smo
activity by transporting a small molecule across the
membrane. What this molecule(s) is and whether Ptc
acts to remove a Smo activator or to convey a Smo
inhibitor is unclear. However, irrespective of the
mechanism, the binding of Hh protein to Ptc is pre-
sumed to inhibit this activity and liberate Smo.
How then does a cell perceive and transduce infor-
mation about the concentration of Hh to which it is
exposed? In the case of another much studied
example of morphogen signaling — the concentration
dependent induction of different mesodermal genes
in response to activin signaling — the evidence sug-
gests that it is the absolute number of active recep-
tors that transmits information about morphogen
concentration to a cell [8]. Even a 10-fold excess of
inactive receptors does not inhibit the response gen-
erated by a given number of active receptors, indi-
cating that inactive receptors do not affect sensing of
the gradient. Therefore, one possibility for Hh signal-
ing is that the amount of Hh perceived by a cell cor-
responds to the number of unliganded, active Ptc
molecules. As cells are exposed to increasing
amounts of Hh protein, more Ptc would be liganded
and depleted from the active pool, resulting in an
increase in Smo activity. This model is consistent with
the derepression mechanism in which liganded Ptc
appears equivalent to the absence of Ptc. An alterna-
tive possibility, however, is that the ratio of liganded
to unliganded Ptc is used to read Hh concentration.
In this case, the liganded Ptc would act to titrate the
inhibitory action of unliganded Ptc. Casali and Struhl
[3] set out to investigate these two alternatives and
with an elegant series of experiments came down on
the side of a ratio-sensing mechanism.
Hh is expressed in the posterior region of the wing
imaginal discs of Drosophila larvae and signals to
anterior cells to induce the expression of the target
genes Dpp and Collier (Col) [9–11]. Using carefully
calibrated transgenes designed to generate different
levels of expression, Casali and Struhl investigated
the effect of a constitutively active version of Ptc,
Ptc∆loop2, which lacks the ability to bind Hh but is able
to repress Smo [12]. Expression of Ptc∆loop2 at low
levels in wild-type wing discs has only a very mild
inhibitory effect, reducing Dpp expression in cells fur-
thest away from the Hh source. Surprisingly, a very
different result was seen when the same transgene
was assayed in wing discs lacking Ptc (Figure 1B).
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Normally, Dpp and Col are ectopically expressed in
Ptc mutant cells; however, when these cells con-
tained low levels of Ptc∆loop2, Dpp and Col expression
were completely blocked. As low levels of Ptc∆loop2
had virtually no effect in cells containing wild-type
Ptc, this suggests that liganded Ptc titrates the
inhibitory effect of Ptc∆loop2. Thus, the absolute
number of unliganded, active Ptc molecules does not
in itself determine the extent of the Hh response.
These data are supported by the analysis of cells in
the posterior wing disc. In this region, the lack of
endogenous Ptc means that Smo constitutively trans-
duces a Hh signal [4–6]. Expression of moderate levels
of Ptc∆loop2 inhibits this. However, when these cells, in
addition to Ptc∆loop2, express moderate levels of a
wild-type Ptc protein, which is able to bind the Hh
protein, they initiate signal transduction, presumably
via Smo. This indicates that liganded wild-type Ptc
overrides the inhibition of Smo by Ptc∆loop2. Hence
cells appear to sense the ratio of liganded to unli-
ganded Ptc, rather than solely the absolute amount of
unliganded receptor.
To determine the ratio of unliganded to liganded Ptc
that demarcates the ‘on’ and ‘off’ states of Hh signal-
ing, Casali and Struhl [3] developed a constitutively lig-
anded form of Ptc, Hh–Ptc, by attaching Hh to the
amino terminus of Ptc via a short linker. When Hh–Ptc
is expressed in combination with Ptc∆loop2 at a ratio of
3:1 or greater, Hh signaling is initiated. However, when
the ratio drops to 3:2 or lower, the Hh response is abol-
ished. This supports the idea that cells perceive the Hh
signal as the ratio of liganded to unliganded Ptc and
indicates that as little as a 2-fold change in this ratio is
sufficient to control the response of cells to the Hh gra-
dient in the wing disc. Whether the ratio will be similar
in other tissues remains to be determined.
How might this ‘ratiometric’ mechanism operate?
Given the evidence of a transporter function of Ptc [7],
liganded Ptc might directly counterbalance an activity
of unliganded Ptc. For example, unliganded Ptc might
import a Smo antagonist, while liganded Ptc might
promote its export. A similar possibility is that the two
forms of Ptc may compete for an effector or essential
co-factor of the signaling pathway. Alternatively, the
functional Hh receptor may comprise a multimer of
Ptc proteins and the binding of Hh to one Ptc subunit
in a receptor complex may block the ability of the mul-
timer to inhibit Smo activity. Indeed, transmembrane
transporters related to Ptc operate as trimers [13] and
evidence hints that Ptc proteins may form a complex
[14,15]. In this context, it is interesting to note that a
mutant version of Ptc that is normally inefficiently
internalized from the cell membrane is localized to
intracellular vessicles when co-expressed with a dom-
inant negative Ptc [16]. Liganded Ptc may, therefore,
influence signaling by altering the subcellular localiza-
tion of unliganded Ptc.
The findings of Casali and Struhl extend our knowl-
edge of the strategies used by cells to read signal gra-
dients. The new data suggest that ratiometric measures
of receptor activation, in addition to counting the
absolute number of active receptors, can inform cells of
their position within a morphogen gradient. Whether
other ligand families use similar mechanisms remains to
be determined. Nevertheless, this type of mechanism
would allow receptor expression levels to regulate a
cell’s response to a morphogen, offering interesting
possibilities for the establishment and dynamic modu-
lation of the interpretation of morphogen gradients.
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Figure 1. Schematic overview of how Ptc and Smo regulate Hh signaling.
(A) In the absence of Hedgehog (Hh), Ptc inhibits the Smo-dependent initiation of the Hh signal transduction pathway. The binding of
Hh (blue) to Ptc relieves this inhibition and permits Smo to activate downstream targets (blue arrow). (B) A dominant active Ptc (Ptc
loop2; red) does not inhibit Hh signaling when expressed at low levels together with liganded wild-type Ptc. However Ptc loop2,
expressed at the same levels, in cells lacking Ptc is sufficient to inhibit Hh signaling. These data suggest that the ratio of active to
inactive Ptc determines whether Hh signaling will be initiated. 
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